Introduction {#s1}
============

The serpin super-family consists of intracellular and extracellular serpins, based on their locations [@pone.0004077-Gettins1]. Previous studies have suggested that the extracelluar and intracellular serpins have different functions and mechanisms of action [@pone.0004077-Gettins1], [@pone.0004077-Silverman1]. A recent study has shown that an intracellular serpin inhibits cell necrosis induced by hypoxia or oxidation [@pone.0004077-Luke1]. However, the role of extracellular serpins in cell necrosis has not been reported [@pone.0004077-Abraham1].

SERPINA3K was first identified as a specific inhibitor of tissue kallikrein and thus named kallikrein-binding protein [@pone.0004077-Chao1], [@pone.0004077-Chao2]. Amino acid sequence analysis classified SERPINA3K into the serine proteinase inhibitor (serpin) family [@pone.0004077-Gettins1]. Tissue kallikrein is a serine proteinase and releases bioactive kinins from kininogens [@pone.0004077-Clements1], [@pone.0004077-Murray1]. The kallikrein-kinin system has important functions in inflammation, blood pressure regulation, generating pain and allergy [@pone.0004077-Bhoola1]. SERPINA3K specifically binds to tissue kallikrein, forming a covalent complex and inhibits proteolytic activities of tissue kallikrein [@pone.0004077-Chao2]. SERPINA3K participates in the regulation of vasodilation and local blood flow via interactions with the kallikrein-kinin system [@pone.0004077-Ma1]. Later studies suggest that SERPINA3K has other functions independent of inhibition of tissue kallikrein. SERPINA3K has been found to inhibit angiogenesis and to reduce vascular permeability [@pone.0004077-Gao1], [@pone.0004077-Miao1]. These effects of SERPINA3K have been shown to be independent of its interactions with the kallikrein-kinin system [@pone.0004077-Gao1].

SERPINA3K is expressed at high levels in the liver, and lower levels in other tissues, such as the kidney, pancreas and retina. SERPINA3K levels have been shown to decrease in the retina of a diabetic rat model, suggesting that decreased SERPINA3K levels may contribute to diabetic retinopathy [@pone.0004077-Hatcher1].

Retinal Müller cells are principal glial cells in the retina and in contact with every type of neuronal cells in the retina. Retinal Müller cells play important roles in supporting the retinal neurons and in neuronal signal processing [@pone.0004077-Newman1]--[@pone.0004077-Newman2]. Müller cell death has been found to lead to photoreceptor apoptosis and retinal degeneration [@pone.0004077-DuboisDauphin1]. The oxidation-induced Müller cell dysfunction has been implicated in diabetic retinopathy [@pone.0004077-Puro1]. Therefore, Müller cells are commonly used as a model for studying neuroprotective factors and retinal degeneration.

Oxidative stress is believed to play an important pathogenic role in diabetic retinopathy [@pone.0004077-Altomare1]. It induces retinal neuron degeneration as well as inflammation and vascular injury. Reactive oxygen species (ROS) such as superoxide, a highly reactive hydroxyl radical, and hydrogen peroxide (H~2~O~2~) are physiological mediators of cellular responses [@pone.0004077-DAutreaux1]. Increased ROS generation in the retina is a characteristic of the oxidative stress as found in diabetic retinopathy [@pone.0004077-Kowluru1]. H~2~O~2~ is commonly used as a stressor to induce oxidative stress in experimental models. Exogenous H~2~O~2~ is known to lead to multiple cellular responses, such as kinase activation, ion overload, etc. H~2~O~2~ is also a stimulator in the apoptotic and necrotic pathways [@pone.0004077-Clement1], [@pone.0004077-Wang1].

In the present study, we used the exogenous H~2~O~2~ as an oxidative stressor to investigate the protective role of SERPINA3K in cultured retinal cells and explored its mechanism of action.

Results {#s2}
=======

A novel protective effect of SERPINA3K {#s2a}
--------------------------------------

To investigate if SERPINA3K protects retinal neurons under oxidative stress, we established an *in vitro* model of H~2~O~2~-induced cell death, as H~2~O~2~ is a highly membrane permeable oxidant [@pone.0004077-Halliwell1] and plays important roles in both apoptosis [@pone.0004077-Clement1] and necrosis [@pone.0004077-Wang1] under oxidative stress. We have compared the effects of SERPINA3K on cell death induced by H~2~O~2~ in Y79, a retinoblastoma cell line, R28, a rat retinal precursor cell line, RPE cells and rMC-1, a cell line derived from rat retinal Müller cells. As shown by MTT assay, exposure to H~2~O~2~ (400 µM) for 8 h resulted in significant cell death in all of the cell lines. Treatment with 1 µM SERPINA3K significantly decreased cell death in Y79, R28, RPE and rMC-1 cells exposed to H~2~O~2~, by 40%, 44%, 42% and 81%, respectively, when compared to the treatment with BSA at the same concentration ([Fig. 1](#pone-0004077-g001){ref-type="fig"}). At the same concentration, however, SERPINA3K displayed different levels of the protective effects on different cell lines.

![Protective effects of SERPINA3K in retinal cells.\
Y79 (A), R28 (B), RPE (C) and rMC-1 cells (D) were exposed to 400 µM H~2~O~2~ in the presence of 1 µM SERPINA3K or BSA for 8 h, or incubated with 1 µM SERPINA3K alone for 8 h. Viable cells were quantified by MTT assay (mean±SEM, n = 3). \* P\<0.01, versus the H~2~O~2~ treated cells. \# P\<0.01, versus the control cells.](pone.0004077.g001){#pone-0004077-g001}

SERPINA3K protects cells against H~2~O~2~-induced cell death {#s2b}
------------------------------------------------------------

Retinal Müller-derived rMC-1 cells were chosen for the further mechanism study, as Müller cells in the retina are essential for the survival of the retinal neuronal cells, and rMC-1 also displayed the highest response for SERPINA3K. To evaluate the cell protective effect of SERPINA3K under oxidative stress, the rMC-1 cells were exposed to 400 µM H~2~O~2~ for 8 h in a culture medium containing 1% FBS. In the cells without the SERPINA3K treatment, the H~2~O~2~ exposure induced apparent morphological changes in most of the cells, exhibiting nuclear swelling while still attaching to the bottom of the well ([Fig. 2B](#pone-0004077-g002){ref-type="fig"}), a morphological change of necrotic cells. The 1-h pre-treatment with SERPINA3K resulted in an apparent improvement of cell morphology ([Fig. 2C](#pone-0004077-g002){ref-type="fig"}).

![Protective effects of SERPINA3K on rMC-1 cells against H~2~O~2~-induced necrosis.\
Müller-derived rMC-1 cells were pre-treated with SERPINA3K or BSA for 1 h and then exposed to 400 µM H~2~O~2~ for 8 h (A--C, G) and 4 h (D--F, H, I). The protein concentration in the media was brought to 1 µM in each well by addition of BSA. (A--C) Representative phase contrast images showing cell morphology in untreated control (A), cells treated with 1 µM BSA and H~2~O~2~ (B), and cells treated with 1 µM SERPINA3K and H~2~O~2~ (C). Scale bar, 50 µm. (G) Viable cells were quantified using the MTT assay (mean±SEM, n = 3). (D--F, H) The viable and necrotic cells were analyzed by flow cytometry following staining with PI and Annexin-V; (D) Untreated control; (E) treated with 1 µM BSA and H~2~O~2~; (F) treated with 1 µM SERPINA3K and H~2~O~2~; (H) quantification of necrotic cells as percentages of total cells (mean±SEM, n = 3). (I) DNA laddering analysis showed no apparent DNA fragmentation in the H~2~O~2~-treated cells. Lane 1, control cells; 2, cells treated with H~2~O~2~ for 4 h; 3, cells treated with H~2~O~2~ and SERPINA3K, and 4, over-grown cells as positive control. \# P\<0.001, H~2~O~2~ treated cells versus control cells. \* P\<0.05, \*\* P\<0.01, \*\*\* P\<0.001, the cells treated by different doses of SERPINA3K versus the cells treated only by BSA.](pone.0004077.g002){#pone-0004077-g002}

Quantification of viable cells by MTT assay showed that H~2~O~2~ induced significant decreases in cell viability, while SERPINA3K, in a range of 125--1000 nM, showed a dose-dependent protection of Müller-derived rMC-1 cells from H~2~O~2~--induced cell death ([Fig. 2G](#pone-0004077-g002){ref-type="fig"}).

SERPINA3K prevents necrosis induced by H~2~O~2~ {#s2c}
-----------------------------------------------

The retinal Müller-derived rMC-1 cells exposed to H~2~O~2~ were stained with PI/Annexin-V, and necrotic and apoptotic cells were quantified by flow cytometry. Histogram of flow cytometry showed increased numbers of the PI-positive cells, with the broken cell membrane, in the H~2~O~2~-treated group. However, there was no significant increase of cell number in the lower-right quadrant of the histogram, which represents the Annexin-V-positive cells or apoptotic cells ([Fig. 2E](#pone-0004077-g002){ref-type="fig"}). This result suggests that the cell death induced by acute exposure to H~2~O~2~ is mostly through the necrotic rather than the apoptotic pathway. DNA fragmentation analysis was used to distinguish between apoptosis and necrosis. The DNA fragmentation induced by cell over-growth was used as the positive control of apoptotic cells ([Fig. 2I](#pone-0004077-g002){ref-type="fig"}). In the sub-confluent rMC-1 cells exposed to 400 µM H~2~O~2~ for 4 h, no fragmented DNA was detected by gel electrophoresis ([Fig. 2I](#pone-0004077-g002){ref-type="fig"}), further suggesting that the cell death induced by acute H~2~O~2~ exposure is through necrosis.

To quantify the effect of SERPINA3K on necrosis induced by H~2~O~2~, the PI-stained necrotic cells were counted by flow cytometry. As shown in [Figure 2H](#pone-0004077-g002){ref-type="fig"}, 400 µM H~2~O~2~ exposure generated 61% necrotic cells, compared to 8% in the untreated control cells ([Fig. 2D,E](#pone-0004077-g002){ref-type="fig"}). Pre-treatment of the cells with 1 µM SERPINA3K prior to the H~2~O~2~ exposure resulted in a significant decrease of necrotic cells (12% necrotic cells compared to 61% in the BSA control, p\<0.001, n = 3) ([Fig. 2F](#pone-0004077-g002){ref-type="fig"}). Moreover, the protective effect of SERPINA3K appears to be concentration-dependent ([Fig. 2H](#pone-0004077-g002){ref-type="fig"}).

The protective effect of SERPINA3K is not through blocking ROS generation {#s2d}
-------------------------------------------------------------------------

To determine if SERPINA3K protects Müller-derived rMC-1 cells against the injury induced by different types of oxidative stressors, we have employed Tert-butyl hydroperoxide (TBHP), which is known to induce lipid peroxidation and ROS formation. Müller-derived rMC-1 cells were treated with 400 µM H~2~O~2~ or 20 µM TBHP for 1, 2, 4 and 8 h in a medium containing 1% FBS. In the absence of SERPINA3K (with 1 µM BSA as control), H~2~O~2~ and TBHP both induced the exposure time-dependent cell death, up to 90% after an 8-h incubation ([Fig. 3A, B](#pone-0004077-g003){ref-type="fig"}). SERPINA3K significantly decreased the cell death induced by H~2~O~2,~ but not that induced by TBHP ([Fig. 3A, B](#pone-0004077-g003){ref-type="fig"}).

![Lack of effect of SERPINA3K on the intracellular ROS generation in cells exposed to H~2~O~2~.\
(A, B) The rMC-1 cells were treated with 400 µM H~2~O~2~ (A) or 20 µM TBHP (B) for 1, 2, 4 and 8 h in the absence or presence of 1 µM BSA or SERPINA3K. Viable cells were quantified using MTT assay (mean±SEM, n = 3). (C) The rMC-1 cells were exposed to 400 µM H~2~O~2~ or 20 µM TBHP for various durations as indicated, to define the time point for the ROS increase. Note that ROS levels were elevated by H~2~O~2~ as early as 15 min, while the ROS generation induced by TBHP occurred at 4 h of the treatment. (D&E) rMC-1 cells were pre-treated with various concentrations of SERPINA3K for 1 h. The medium was supplemented with BSA to the same total protein concentration in each well. The cells were then exposed to 400 µM H~2~O~2~ for 15 min (D) or to 20 µM TBHP for 4 h (E). The intracellular ROS generation was measured using CM-H2DCFDA as a probe. Values are arbitrary fluorescence units (mean±SEM, n = 8). SERPINA3K blocked the ROS increase induced by TBHP but not that by H~2~O~2~. \* P\<0.01, the SERPINA3K-treated cells versus the BSA-treated cells. & P\<0.01, the BSA-treated cells exposed to H~2~O~2~ versus the BSA-treated cells without H~2~O~2~ exposure. \# P\<0.05, the H~2~O~2~ or TBHP-treated cells versus control cells.](pone.0004077.g003){#pone-0004077-g003}

Oxidative stress is known to induce the intracellular ROS generation, which can activate the apoptotic pathway or necrotic pathway. Here we investigated whether SERPINA3K prevents necrosis in Müller-derived rMC-1 cells via decreasing intracellular ROS levels in cells exposed to H~2~O~2~, using a fluorometric microplate assay with CM-H2DCFDA as the probe. H~2~O~2~ treatment induced a marked increase of intracellular ROS levels after a 15-min exposure but not at later time points, compared to the control. Since H~2~O~2~ is a highly membrane permeable oxidant, the intracellular ROS detected at 15 min of H~2~O~2~ treatment could be originated from penetration of extracellular H~2~O~2~. SERPINA3K did not affect ROS levels in the cells exposed to H~2~O~2~ for 15 min ([Fig. 3D](#pone-0004077-g003){ref-type="fig"}). In contrast, the TBHP treatment showed a time-dependent increase of intracellular ROS ([Fig. 3C](#pone-0004077-g003){ref-type="fig"}). SERPINA3K reduced the TBHP-induced intracellular ROS generation in a dose-dependent manner ([Fig. 3E](#pone-0004077-g003){ref-type="fig"}), but it did not protect the cells from TBHP-induced cell death ([Fig. 3B](#pone-0004077-g003){ref-type="fig"}). This result suggests that the effect of SERPINA3K on H~2~O~2~-induced cell death is not related to decrease of ROS levels.

The protective effect of SERPINA3K is through blocking intracellular Ca^2+^ overload induced by H~2~O~2~ {#s2e}
--------------------------------------------------------------------------------------------------------

The calcium-induced protease release has been shown to be one of the major inducers of necrosis [@pone.0004077-Syntichaki1], [@pone.0004077-Zong1]. To determine the intracellular Ca^2+^ concentration in Müller-derived rMC-1 cells under the oxidative stress, the fluorescence of the probe Fluo-4/AM, which reacts with intracellular free Ca^2+^ to generate a green fluorescence, was measured. H~2~O~2~ induced a time-dependent Ca^2+^ overload in rMC-1 cells ([Fig. 4A](#pone-0004077-g004){ref-type="fig"}), while TBHP did not increase the intracellular Ca^2+^ concentration, although it induces ROS generation ([Fig. 4A](#pone-0004077-g004){ref-type="fig"}).

![SERPINA3K blocks intracellular calcium overload induced by H~2~O~2~.\
(A) Elevated intracellular \[Ca^2+^\] in cells exposed to H~2~O~2~. The Müller-derived rMC-1 cells were treated with 400 µM H~2~O~2~ for various durations as indicated. TBHP (20 µM) was used as control. Intracellular \[Ca^2+^\] was measured by the fluorescence of the probe Fluo-4/AM (mean±SEM, n = 8). (B--E) The cells were pre-treated with 1 µM SERPINA3K or BSA for 1 h followed by the H~2~O~2~ exposure. BSA was added to bring the total protein concentration to the same in each well. Representative fluorescence images were captured under a fluorescent microscope from untreated cells (B), cells pre-treated with 1 µM BSA (C) and with 1 µM SERPINA3K (D) followed by a 3-h exposure to H~2~O~2~. (E) \[Ca^2+^\] in cells pre-treated with various concentrations of SERPINA3K prior to the exposure to H~2~O~2~ (mean±SEM, n = 6). (F) The protective effects of 1 µM SERPINA3K and 10 µM BAPTA/AM (a calcium chelator) were quantified using the MTT assay (mean±SEM, n = 3). \* P\<0.05, \*\* P\<0.01, \*\*\* P\<0.001, the cells treated by H~2~O~2~ versus the control cells. \# P\<0.01, the SERPINA3K or BAPTA-treated cells versus the BSA-treated cells. Scale bar, 100 µm.](pone.0004077.g004){#pone-0004077-g004}

The control rMC-1 cells in the medium with 1% FBS showed only basal levels of green fluorescence, indicating a low intracellular Ca^2+^ concentration ([Fig. 4B](#pone-0004077-g004){ref-type="fig"}). H~2~O~2~ exposure for 3 h substantially increased intracellular Ca^2+^ levels ([Fig. 4C](#pone-0004077-g004){ref-type="fig"}). Pre-treatment with SERPINA3K prevented the intracellular Ca^2+^ overload induced by H~2~O~2~ ([Fig. 4D](#pone-0004077-g004){ref-type="fig"}) in a dose-dependent manner ([Fig. 4E](#pone-0004077-g004){ref-type="fig"}).

We have also measured the protective effect of BAPTA/AM, a calcium chelator, on Müller-derived rMC-1 cells. At 10 µM, BAPTA/AM reduced intracellular Ca^2+^ concentrations and prevented rMC-1 cell death induced by H~2~O~2~, similar to that of 1 µM SERPINA3K ([Fig. 4F](#pone-0004077-g004){ref-type="fig"}), suggesting that the protective effect of SERPINA3K is through blockade of the calcium overload induced by H~2~O~2~.

SERPINA3K does not chelate free Ca^2+^ {#s2f}
--------------------------------------

To determine whether SERPINA3K prevents calcium overload through chelating Ca^2+^, an *in vitro* Ca^2+^ binding assay was performed by measuring the fluorescence of the calcium-bound Fluo-4 (pentapotassium salt). In a 96-well plate, each well contained 100 µl 10 µM Fluo-4 and 2, 10 and 50 µM CaCl~2~. As shown by the binding curve, 10 µM CaCl~2~ reached the saturation level of the fluorescence when 10 µM Fluo-4 was used ([Fig. 5A](#pone-0004077-g005){ref-type="fig"}). SERPINA3K was added to the well to a final concentration of 10 µM, with 10 µM EGTA and BSA as positive and negative controls. The Ca^2+^ fluorescence was decreased by EGTA, but not by SERPINA3K ([Fig. 5B](#pone-0004077-g005){ref-type="fig"}), suggesting that SERPINA3K did not chelate free Ca^2+^.

![SERPINA3K does not chelate free calcium.\
Free \[Ca^2+^\] was measured by the fluorescence of the Fluo-4 (pentapotassium salt). (A) A Ca^2+^/Fluo-4 binding curve was plotted with different concentrations of CaCl~2~ and 10 µM Fluo-4. (B) SERPINA3K (10 µM) was incubated with 10 µM CaCl~2~ or a cell lysate in the presence of 10 µM Fluo-4. EGTA (10 µM) and BSA (10 µM) were used as positive and negative controls, respectively. Free \[Ca^2+^\] was measured (mean±SEM, n = 3). \* P\<0.01, versus control cells.](pone.0004077.g005){#pone-0004077-g005}

We also measured potential calcium chelating activity of SERPINA3K in a cell lysate containing Ca^2+^. The cell lysate was diluted with PBS to generate the same fluorescence intensity as that of 10 µM CaCl~2~ in 10 µM Fluo-4. In the cell lysate, 10 µM SERPINA3K did not decrease the fluorescence of Fluo-4 ([Fig. 5B, right panel](#pone-0004077-g005){ref-type="fig"}), suggesting that SERPINA3K inhibited the calcium overload via a mechanism rather than chelating the free calcium ion.

SERPINS3K blocks the H~2~O~2~--induced calcium overload via the PLC pathway {#s2g}
---------------------------------------------------------------------------

To study the mechanism by which H~2~O~2~ induces intracellular calcium overload and necrosis, several specific inhibitors were used to block the signaling pathways known to be activated by H~2~O~2~ and related to calcium overload. Müller-derived rMC-1 cells were treated with 400 µM H~2~O~2~ together with 1 µM SERPINA3K, 250 nM U73122 (PLC inhibitor), 10 µM U0126 (ERK inhibitor) or 100 nM Wortmannin (PI3K inhibitor). BSA and 0.5% DMSO were used as negative control. The cells treated with SERPINA3K and U73122 showed significantly lower intracellular Ca^2+^ concentrations than that in the cells treated with U0126, Wortmannin and BSA, after 1.5 to 4 h incubation ([Fig. 6A](#pone-0004077-g006){ref-type="fig"}). Correlated with their effects on Ca^2+^, MTT assay demonstrated that SERPINA3K, U73122 and BAPTA, but not U0126 and Wortmannin, had protective effects on cell viability under the H~2~O~2~ stress ([Fig. 6B](#pone-0004077-g006){ref-type="fig"}), suggesting that the reduction of intracellular Ca^2+^ induced by SERPINA3K is not through the ERK or PI3K pathways. Consistently, the protective effect of SERPINA3K, but not that of BAPTA, was offset by 10 µM m-3M3FBS, a specific PLC activator, suggesting that SERPINA3K prevents calcium overload through blocking PLC activation.

![SERPINA3K inhibits the H~2~O~2~-induced calcium overload and necrosis via PLC but not the ERK or PI3K/Akt pathways.\
(A) The rMC-1 cells were treated with 400 µM H~2~O~2~ in the presence of 1 µM SERPINA3K, 250 nM U73122 (PLC inhibitor), 10 µM U0126 (ERK inhibitor), 100 nM Wortmannin (PI3K inhibitor) or 10 µM BAPTA. BSA (1 µM) was used as negative control. Intracellular \[Ca^2+^\] was measured using the fluorescence of the probe Fluo-4/AM at different intervals of the treatment (mean±SEM, n = 6). (B) The protective effects of the inhibitors and 1 µM SERPINA3K against the H~2~O~2~-induced cell death with or without 10 µM m-3M3FBS (PLC activator) were quantified by the MTT assay after exposure to H~2~O~2~ for 8 h (mean±SEM, n = 3). (C) The rMC-1 cells were treated with 400 µM H~2~O~2~. The cells were harvested at different time points for Western blotting. (D) The cells were exposed to H~2~O~2~ for 15 min in the presence of 1 µM SERPINA3K or BSA. The phosphorylated PLC-γ1 (p-PLC), ERK1/2 (p-ERK) and Akt (p-AKT) were blotted with phosphorylation-specific antibodies. The total PLC-γ1 (t-PLC), ERK1/2 (t-ERK) and Akt (t-AKT) were blotted with antibodies for total proteins. (E) Protein levels was quantified using densitometry of the Western blotting results (mean±SEM, n = 3). (F) The reduced phosphorylation level of each kinase was shown as percentages of the maximum phosphorylation levels at 15 min exposure (mean±SEM, n = 3). \$ P\<0.01, under H~2~O~2~ exposure from 1.5 h to 4 h; the U73122 and SERPINA3K-treated cells versus the BSA-treated cells. \* P\<0.01, versus control cells. \# P\<0.01, the cells treated with H~2~O~2~, m-3M3FBS and SERPINA3K versus the cells treated with H~2~O~2~ and SERPINA3K. & P\<0.01, versus control cells exposed to H~2~O~2~ for 0 min.](pone.0004077.g006){#pone-0004077-g006}

SERPINA3K decreases the H~2~O~2~-induced phosphorylation of PLC-γ1, but not ERK or Akt {#s2h}
--------------------------------------------------------------------------------------

The H~2~O~2~ exposure induced the phosphorylation of PLC, ERK and Akt in a time-dependent manner ([Fig. 6C](#pone-0004077-g006){ref-type="fig"}). All of these kinases were phosphorylated by H~2~O~2~ as early as 5 min of exposure, and the phosphorylation of the kinases reached peaks at 15 min of exposure to H~2~O~2~ ([Fig. 6C, E](#pone-0004077-g006){ref-type="fig"}). At 15 min, the SERPINA3K treatment prevented the phosphorylation of PLC induced by H~2~O~2~ (60% reduction), but did not inhibit the phosphorylation of the ERK or PI3K/AKT kinases, suggesting that SERPINA3K specifically blocks the activation of PLC under oxidative stress ([Fig. 6D, F](#pone-0004077-g006){ref-type="fig"}).

SERPINA3K binds to rMC-1 cells {#s2i}
------------------------------

To investigate if the protective effect of SERPINA3K is mediated through a receptor on the cell surface, the binding of SERPINA3K on Müller-derived rMC-1 cells was determined. Cultured rMC-1 cells were incubated with increasing concentrations (16--4096 nM) of FITC-labeled SERPINA3K for 1 h followed by 3 washes with PBS. Then the fluorescence intensities on rMC-1 cells were measured with a fluorometer. As shown by Figure 8A, FITC-SERPINA3K displayed a concentration-dependent and saturable binding onto rMC-1 cells with a K~d~ at approximate 700 nM. In contrast, FITC-BSA did not show any significant binding to rMC-1 cells in the same concentration range ([Fig. 7A](#pone-0004077-g007){ref-type="fig"}).

![SERPINA3K binds to Müller-derived rMC-1 cells.\
(A) The rMC-1 cells were incubated with increasing concentrations of FITC-SERPINA3K or FITC-BSA for 1 h. (B) The rMC-1 cells were incubated with 400 nM FITC-SERPINA3K in the presence of different concentrations of unlabeled SERPINA3K or BSA for 1 h. Then the cells were washed three times with PBS. The fluorescence in the cells was measured by a fluorometer using 485/530 nm filter (mean±SEM, n = 8).](pone.0004077.g007){#pone-0004077-g007}

To determine the specificity of the binding of SERPINA3K on rMC-1 cells, FITC-SERPINA3K (400 nM) was incubated with the cells in the presence of excess of unlabeled SERPINA3K or BSA (1, 10 or 100 folds over the FITC-SERPINA3K in concentrations). The binding assay showed that the binding of FITC-SERPINA3K to rMC-1 cells was competed off by excess concentrations of unlabeled SERPINA3K, but not by BSA ([Fig. 7B](#pone-0004077-g007){ref-type="fig"}), suggesting that the binding of SERPINA3K to Müller-derived rMC-1 cells is reversible and specific.

Discussion {#s3}
==========

SERPINA3K is an extracellular serpin. It has been found to function as an anti-angiogenic factor, inhibiting angiogenesis and reducing retinal vascular leakage [@pone.0004077-Gao1]. The present study revealed a novel function of this serpin, i.e., a protective effect on retinal Müller cells and retinal neuronal cells against oxidative stress-induced damage. Further, our results demonstrate that the protective effect of SERPINA3K is through blocking intracellular calcium overload induced by oxidative stress through inhibition of PLC activation. These results indicate that SERPINA3K is a novel protective factor in the retina and the first extracellular serpin identified which exerts its protective effects through inhibiting PLC activation and blocking intracellular calcium overload.

Müller cells are a type of retinal glial cells and are known to be essential for the structure and function of the retina. The layered arrangements of retinal neurons are maintained by Müller cells [@pone.0004077-Willbold1]. Müller cells produce neurotrophic substances [@pone.0004077-Newman1] and remove metabolic wastes [@pone.0004077-Poitry1] to support neuronal survival. Müller cell death has been shown to lead to neuron degeneration in a transgenic mouse model [@pone.0004077-DuboisDauphin1]. The oxidative damage of Müller cells and retinal neuronal cells has been shown to be an important pathological feature in some ocular diseases, such as diabetic retinopathy or light-induced retinopathy [@pone.0004077-Puro1], [@pone.0004077-Anderson1], [@pone.0004077-Ohira1]. Our results indicate that SERPINA3K protects Müller cells under the oxidative stress and thus, may have potential neurotrophic function in the retina.

Accumulating evidence shows that retinal neuron degeneration is an important pathological feature contributing to vision impairment in diabetic retinopathy [@pone.0004077-Newman1]. Our previous studies have shown that SERPINA3K levels are decreased in the retina of STZ-diabetic rats [@pone.0004077-Hatcher1]. The present study suggests for the first time that decreased levels of SERPINA3K in diabetes may contribute to retinal neuron degeneration as well as to retinal vascular leakage and retinal neovascularization in diabetic retinopathy.

Oxidative stress is believed to play a major pathogenic role in retinal degeneration as found in diabetic retinopathy and AMD. Recently, antioxidants have been used to ameliorate retinopathy induced by oxidative stress [@pone.0004077-Kowluru2], [@pone.0004077-Gosbell1]. H~2~O~2~ is a by-product of oxidative stress and can induce a number of cellular responses and cell death. In cultured cells, H~2~O~2~ is commonly used as an oxidative stressor. The H~2~O~2~-induced oxidative stress is known to be affected by multiple factors, such as H~2~O~2~ concentrations, cell types, cell cycle phases and medium components, etc. It has been shown that H~2~O~2~ can activate both the apoptotic pathway [@pone.0004077-Clement1] and necrotic pathway [@pone.0004077-Wang1], depending on conditions and cell types. In our model, a short exposure of Müller-derived rMC-1 cells to 400 µM H~2~O~2~ induces necrosis rather than apoptosis, as shown by Annexin-V/PI staining and flow cytometry and DNA fragmentation analyses. The necrotic process is usually mediated through fast cellular responses, such as intracellular calcium overload which subsequently induces protease release to damage the cell. Although another serpin, pigment epithelium-derived factor (PEDF) has also displayed neuroprotective activities, the protective effect of PEDF is through blocking apoptosis of neuronal cells [@pone.0004077-Cao1]. The present study demonstrated that SERPINA3K blocks calcium overload induced by H~2~O~2~ exposure. This represents a novel mechanism of action for extracellular serpin family members.

To elucidate the mechanism by which SERPINA3K decreases the intracellular calcium overload induced by H~2~O~2~, we have tested three possible mechanisms: blocking intracellular ROS generation induced by H~2~O~2~, directly chelating calcium ions and blocking the intracellular signaling pathway through which H~2~O~2~ stimulates the intracellular calcium increase. Using the CM-H2DCFDA probe, we showed that SERPINA3K did not block the increase of intracellular ROS levels in the cells exposed to H~2~O~2~, although it reduced cell death. Our calcium chelating experiments showed that SERPINA3K did not chelate free calcium ion in a CaCl~2~ solution or in cell lysates. Further, SERPINA3K does not block cell death induced by TBHP which triggers ROS generation but not calcium overload. These results suggest that SERPINA3K is likely to block the signaling pathway between the H~2~O~2~ stress and calcium overload, which is unrelated to its effect on reducing ROS generation.

Multiple intracellular signaling pathways have been shown to regulate intracellular calcium levels. For example, the phosphorylation of NHE-1 by the ERK1/2 MAP kinase pathway has been shown to stimulate the calcium pump [@pone.0004077-Rothstein1]. PI3K and Akt are known to promote the voltage-dependent calcium channel [@pone.0004077-Viard1]. It is well known that PLC is an important regulator of calcium homeostasis via IP3 and DAG [@pone.0004077-Muallem1], and the phosphorylation of PLC-γ1 is an essential step in some calcium regulation pathways [@pone.0004077-Tkaczyk1]. The association of PLC-γ with the H~2~O~2~ stress has been revealed previously, as there is a direct evidence to support the critical role of PLC-γ1 in the H~2~O~2~-induced calcium signaling [@pone.0004077-Hong1], [@pone.0004077-Rhee1]. To identify the pathway involved in the H~2~O~2~-induced necrosis in rMC-1 cells, specific inhibitors for ERK, PI3K and PLC were used. Among these, only the specific PLC inhibitor blocked the calcium overload and necrosis induced by H~2~O~2~, while blocking the ERK and PI3K pathways did not inhibit calcium overload ([Fig. 6](#pone-0004077-g006){ref-type="fig"}). These results suggest that the H~2~O~2~-induced calcium overload is mediated through PLC.

As SERPINA3K is an extracellular serpin, we have investigated if its protective effect is mediated through a receptor. The SERPINA3K binding assay demonstrated a specific and saturable binding of SERPINA3K to Müller-derived rMC-1 cells, suggesting that the SERPINA3K effect may be through a receptor or binding protein on the cell surface. The major SERPINA3K source in the retina is still unclear. However, total levels of SERPINA3K in the retina have been shown to be decreased in diabetic animals [@pone.0004077-Hatcher1]. The decreased levels of SERPINA3K in diabetic retinas may contribute to oxidative stress and retinal cell death. In the oxidative stress-induced Müller cell death, the earliest detected event was the H~2~O~2~-induced PLC phosphorylation, at as early as 15 min exposure to H~2~O~2~. The PLC phosphorylation subsequently induced calcium overload which was observed after 2 h exposure to H~2~O~2~, which resulted in an remarkable increase in cell necrosis at 4 h. It is likely that binding of SERPINA3K triggers the activation of an intracellular signaling pathway, leading to the blockade of PLC activation and calcium overload under oxidative stress.

SERPINA3K at the concentrations used showed substantially lower cytotoxicities compared to the calcium chelator (BAPTA) and PLC inhibitor (U73122). At the concentrations used to prevent the H~2~O~2~-induced rMC-1 cell death, both BAPTA and U73122 decreased the cell viability ([Fig. S1](#pone.0004077.s001){ref-type="supplementary-material"}). At the dose used, SERPINA3K did not induce any detectable decrease in cell viabilities in Müller cells. These observations suggest that SERPINA3K has therapeutic potential for the treatment of some retinal degenerative diseases induced by oxidative stress, such as diabetic retinopathy and light induced retinopathy.

Materials and Methods {#s4}
=====================

Cell culture {#s4a}
------------

rMC-1 cells, a cell line derived from rat retinal Müller cells, were a kind gift from Dr. Vijay Sarthy at Northwestern University, and cultured in low glucose (1 g/L) Dulbecco\'s Modified Eagle\'s Medium (DMEM) containing 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA) [@pone.0004077-Sarthy1]. R28 is a cell line derived from rat retinal precursor cells, expressing photoreceptor markers, and is a generous gift from Dr. Gail Seigel at SUNY at Buffalo. Human retinal pigment epithelial (RPE) cell line, hTERT RPE-1, was purchased from ATCC (Manassas, VA). Both of R28 and hTERT RPE-1 cells were cultured in high glucose (4.5 g/L) DMEM containing 10% FBS. Y79 cells, a human retinoblastoma cell line, were purchased from ATCC and cultured in RPMI1640 containing 15% FBS as recommended by ATCC. The cultured cells were exposed to low glucose media containing 1% FBS for 4 h prior to the addition of proteins or compounds, and all of the experiments were performed in the 1% FBS medium. Cultures were always pretreated for 1 hr with SERPINA3K at concentrations indicated for each experiment, to ensure that the protein bound to the cells before the H~2~O~2~ exposure.

Protein and chemicals {#s4b}
---------------------

SERPINA3K was cloned into the pET28 vector (Novagen, Madison, WIS) and the construct was transformed into *E. coli* strain BL-21/DE3 (Novagen, Madison, WIS). The expression and purification followed the protocol described previously [@pone.0004077-Gao1]. Endotoxin test was performed using a limulus amebocyte kit (Biowhittaker, Walkersville, MD).

Bovine serum albumin (BSA) and H~2~O~2~ was purchased from Sigma (St. Louis, MO) and all of the inhibitors were purchased from EMD (San Diego, CA).

Cell viability analysis {#s4c}
-----------------------

The viable cells were quantified by the MTT (3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl-2H-tetrazolium bromide, Roche, Indianapolis, IN) cell viability assay following the protocol recommended by the manufacturer. The cultured cells were seeded in 96-well plates (10^4^ cells/well, in 100 µl) and cultured in culture media for 24 h. Following the treatment of SERPINA3K and H~2~O~2~ for desired durations, 10 µl (1 mg/ml) of buffer 1 (MTT) were added to the cells and incubated for 4 h. Then 100 µl of buffer 2 (10% SDS in 0.01M HCl) were added and incubated with the cells for 16 h. The optical absorbance at 570 nm was measured using an ELISA reader.

Flow cytometry analysis {#s4d}
-----------------------

After the treatment with H~2~O~2~ and SERPINA3K, rMC-1 cells were washed twice with ice-cold PBS and re-suspended in 1× binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl~2~) at a density of ∼1×10^6^ cells/ml. The cell suspension containing approximate 10^5^ cells was stained with Annexin-V and propidium iodide (PI) (BD, San Jose, CA) for 30 min in the dark. Then 400 µl of 1× binding buffer were added to each sample which was analyzed by flow cytometry to quantify necrotic and apoptotic cells.

DNA-laddering assay {#s4e}
-------------------

To test the DNA fragmentation, cells were lysed in buffer 1 (10 mM Tris, 1 mM EDTA and 0.2% Triton X-100) [@pone.0004077-Canelles1]. The cytosolic fraction of the lysates was collected after centrifugation. The supernatant was brought to buffer 2 (150 mM NaCl, 40 mM EDTA, 1% SDS and 200 mg/ml of proteinase K). Fragmented DNA was precipitated with isopropanol and resuspended in DNA loading buffer. The fragmented DNA was resolved by electrophoresis in 2% agarose gels containing ethidium bromide and visualized under the UV light.

Fluorescent detection of intracellular ROS {#s4f}
------------------------------------------

To measure intracellular ROS generation, cells were incubated with 10 µM CM-H2DCFDA (Invitrogen, Carlsbad, CA) for 30 min in the dark. After the CM-H2DCFDA entered the cells, the diacetate group was removed by intracellular esterase, trapping the probe inside the cells. Generation of ROS was quantified by measuring the fluorescent oxidation product CM-DCF in the cytosol, at an excitation wavelength of 480 nm and an emission wavelength of 520 nm.

Measurement of intracellular calcium concentration {#s4g}
--------------------------------------------------

To measure the intracellular calcium concentration, rMC-1 cells were incubated with 5 µM Fluo-4/AM (Invitrogen, Carlsbad, CA) at 37°C for 30 min. Then the incubation buffer was replaced by DMEM containing 1% FBS. After the addition of H~2~O~2~ or other reagents, the fluorescence intensity was continuously monitored at an excitation wavelength of 494 nm and an emission wavelength of 516 nm. For the quantification of the free Ca^2+^ concentration *in vitro*, the fluorescence of the Fluo-4/pentapotassium salt (Invitrogen, Carlsbad, CA) was measured. For fluorescent microscopy, the cells were washed three times with PBS prior to capture of the image under a fluorescent microscope.

SERPINA3K binding assay {#s4h}
-----------------------

SERPINA3K was labeled with FITC using the FITC labeling kit (Invitrogen, Carlsbad, CA) following a protocol recommended by the manufacturer. For the binding assay, rMC-1 cells were seeded in 96-well plates. The cells were incubated with increasing concentrations of FITC-labeled SERPINA3K for 1 h. The unbound FITC-SERPINA3K was removed by 3 washes with PBS. The FITC-SERPINA3K bound to the cells was measured by fluorescence intensity using a fluorometer with an excitation wavelength of 495 nm and an emission wavelength of 520 nm.

Western blot analysis {#s4i}
---------------------

One hundred micrograms of total cellular proteins were resolved by SDS-PAGE and then blotted with specific antibodies. Antibodies for PLCγ1 (t-PLC), phosphorylated PLCγ1 at Tyr783 (p-PLC), ERK1/2 (t-ERK), phosphorylated ERK1/2 at Thr202 and Tyr204 (p-ERK), Akt (t-AKT) and phosphorylated Akt at Ser473 (p-AKT) were purchased from Cell Signaling (Danvers, MA) and used at the 1∶1000 dilution.

Statistical analysis {#s4j}
--------------------

Student\'s t test was used in all statistical analyses, and statistical significance was accepted when the P value was less than 0.05.

Supporting Information {#s5}
======================

###### 

SERPINA3K has no cytotoxicity in Müller-derived rMC-1 cells. The rMC-1 cells were treated with 1 µM SERPINA3K, 10 µM BAPTA or 250 nM U73122 for 24 h. The same concentration of BSA and DMSO were used as controls. The cell viability was measured with the MTT assay (mean±SEM, n = 3). At the concentrations used, SERPINA3K did not decrease cell viability while BAPTA and U73122 showed significant decrease of viable cells. \* P\<0.05, the cells treated with BAPTA or U73122 versus control cells.
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Click here for additional data file.
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